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RECONSIDERING THE AURICULAR SURFACE AS AN
INDICATOR OF AGE AT DEATH
Daniel Osborne, M.A.
Western Michigan University, 2000
Using standards established by Lovejoy et al. (1985) to score and estimate age
at death from auricular surface morphology, the auricular surfaces of 266 individuals
of documented age from two different skeletal collections (Terry and Bass Donated
Collections) were examined. The age, sex and race of the individuals used in the study
were unknown to the investigator during analysis. This study supports the claim
proposed in the original study that auricular surface morphology is unaffected by an
individual's sex or race. However, this study indicates that auricular surface
morphology does not change as regularly with age as was originally proposed.
Although the standards created in the original study were not intended for use
in human identification of a forensic nature, they have been used in such cases as both
a single indicator of age and in multifactorial analyses of age. It is widely accepted
that multifactorial analyses of age are the most accurate means of assessing age-at
death in the human skeleton. As is often the case, however, human remains fall victim
to taphonomic agents, leaving them damaged and incomplete. These factors make the
analysis of the auricular surface as an indicator of age an important issue. Further
testing of the method must take place to ensure that the standards used in estimating
age at death accurately represent the variation expressed in this aging system.
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CHAPTER I
INTRODUCTION
The estimation of age-at-death is a key step in creating a biological profile
of human skeletal remains. Determining age-at-death in the human skeleton is
accomplished by correlating biological age with chronological age. Biological age
refers to the progression of the body through developmental or degenerative
processes throughout life, while chronological age describes the actual length of
time since birth that has elapsed during an individual's life (Saunders 2000).
Studies focused on describing the relationship between biological and
chronological age typically do so by correlating the presence or absence of
morphological features with the documented age of the examinee. In many cases,
concurrent morphological features are grouped together in phases of development
or degeneration. Such phase-based aging systems are typically easier to apply on a
case-by-case basis than are the seriation methods often used in paleodemographic
contexts.
Gross inspection of the human skeleton to estimate age typically involves
the examination of developmental traits in juveniles and degenerative change in
adults. It should be noted, however, that some authors argue that the formation of
the ventral rampart of the pubic symphysis is essentially a delayed epiphysis
(Lovejoy et al. 1995). If this is true, then the use of the ventral rampart in the
pubic symphysis method must be considered part of a developmental aging system
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for adults. Age can be estimated through rrticroscopic analysis, via dental thin
sectioning and histomorphometry (Charles et al. 1989; Rohling and Stout 2000;
Stout 1989), but such techniques are time consurrting and often lead to the
destruction of some of the material being exarrtined. In addition, the accuracy of
age determination from such techniques is no better than that found in methods
utilizing gross examination (Maples 1989). While age changes in the juvenile
skeleton are fairly regular, especially with regard to tooth formation and eruption
sequences (Kosa 1989; Smith 1991; Ubelaker 1987) and the appearance and fusion
of secondary ossification centers (Krogman 1962; Stewart 1979; Ubelaker 1987;
Webb and Suchey 1985), age related changes in the adult human skeleton are highly
variable (Maples 1989; Ubelaker 1989). Although standards are currently available
for the estimation of adult age-at-death from several skeletal areas (Brooks and
Suchey 1990; !scan et al. 1984a, b; Katz and Suchey 1986; Lovejoy et al. 1985;
Nawrocki 1998), many fall short of their expected levels of accuracy (Maples 1989;
Murray and Murray 1991). One probable reason for this is that the age ranges
provided by some methods (e.g., auricular surface and sternal rib end techniques)
do not describe the full range of age variation at defined stages.
Another issue to contend with when considering the estimation of age in
the human skeleton is repeatability. Studies geared towards the creation and/or
refinement of aging techniques should consider the ease with which the steps can
be recreated by other investigators. In other words, everyone who uses the
technique should get the same, or similar results. Furthermore, it is necessary to
test and adjust the standards used in creating a biological profile on a fairly regular
basis to address secular trends in the population. However, given that most of the
2

skeletal collections from which we derive our knowledge of the aging process in
the human skeleton are comprised of populations from the late nineteenth and
early twentieth centuries (e.g., Hamann-Todd and Terry Collections), this is a
difficult task. Some measures have been taken to address the lack of documented,
contemporary skeletal material. The University of Tennessee, Knoxville has been
developing a skeletal collection comprised largely of individuals of known age, sex,
and stature from the twentieth century. However, as with most donated
collections, the UTK Bass Collection is comprised mostly of older, white male
individuals. This under- representation of younger individuals limits our
knowledge of age related change in that segment of the population. Katz and
Suchey (1986) were able to use a contemporary autopsy sample in which the
individuals used were of documented age at the time of death, but their study was
limited to age related change in the pubic symphysis and clavicle.
Age estimation using the pubic symphysis is often the standard used to
judge the efficacy of a new adult aging technique (Loth and Iscan 1989; Lovejoy et
al. 1985). Katz and Suchey (1986) investigated age changes associated with the
surface features of the pubic symphyseal face. With a very large sample size for
males (n=739) and a significant sample of females (n=273), the authors devised a
six-phase analysis of age determination (Katz and Suchey 1986). The six-phase
analysis of pubic symphysis morphology was developed as a modification of the
ten-phase system originally created by Todd (1920). The Todd system was found
to over-age individuals and lacked distinct morphological phases; confusion of
phase distinction often led to inconsistent assignment to an age range among
different observers (Katz and Suchey 1986). While the issue is certainly
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debatable, some authors have argued that the applicability of the pubic symphysis
in age estimation is only useful during the period leading to and shortly after the
fusion of the ventral rampart (Lovejoy et al. 1995). Furthermore, there are other
limitations to age estimation with the pubic symphysis, such as lack of durability
of this skeletal region (Lovejoy et al. 1985; Murray and Murray 1991). Haglund
(1997) reports that the pubic symphysis, iliac crest and ischial tuberosity are the
most frequently destroyed portions of the innominate in cases involving carnivore
activity, a taphonomic agent common to human skeletal remains in many forensic
cases.
Age determination from morphological changes in the sternal rib end is
similar to the methods used in the pubic symphysis technique. Iscan and Loth
(1984a, 1984b) studied an autopsied collection (n=277) from which sex specific
standards were developed. Nine phases (0-8) of age determination were
developed, with the smallest error range equaling 2 years (phase 1) and the largest
error range equaling 12 years (phase 6). The sternal rib end technique seems to
estimate age with accuracy comparable to that of the pubic symphysis (Loth and
Iscan 1989; contra Lagrou n.d.). The major drawback to using the sternal end of
ribs in age determination, however, is that morphological features needed to
estimate age typically do not survive postmortem processes and carnivore activity
(Loth and Iscan 1989; Murray and Murray 1991). In addition to the damage to the
sternal rib ends caused by carnivore activity, in many cases the ribs are removed
completely by these animals and are unavailable for examination (Haglund 1997).
Lovejoy et al. (1985) developed a method through which age-at-death could
be estimated by examining morphological features of the auricular surface of the
4

ilium. The auricular surface method was developed under the same assumption of
the techniques mentioned above, that surface morphology undergoes regular
changes that result from the progression in age. While the original study
successfully seriates age- related changes in the auricular surface, it is unclear
from what statistical method (and sample size) the age ranges for each seriation
stage are derived. It should be noted, however, that the method was originally
developed to be used on large populations, in which seriation is proposed as the
most accurate means of age estimation (Lovejoy et al. 1985; 1995). This method
was not intended by Lovejoy et al. (1985) to be used as a specific age predictor,
such as in a forensic context. There is indeed evidence that the auricular method
may be too variable to be used as a single estimator of age in cases where other
regions from which age may be determined are missing or damaged to the point
that they are of no further research value (Murray and Murray 1991).
Furthermore, Lovejoy argues that methods developed to account for the variation
within the process of aging "cannot provide realistic models for true age
progressive change in morphologically complex anatomical sites" (Lovejoy et al.
1995:32).
This study documents the application of the auricular surface technique of
age estimation on a case-by-case basis to two U.S. population skeletal samples of
documented age at the time of death. Based on the standards currently available,
this study confirms that the auricular surface does not appear to be reliable as a
single indicator of age-at-death. Rather, auricular surface morphology is highly
variable across the human adult age range. The results of this study suggest that
use of auricular surface morphology as an indicator of age-at-death is improved by
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incorporating the mean age and 95% prediction intervals as modified age ranges
and collapsing the original 8 phase system into a 6 phase system. The results of
the aforementioned alterations to the auricular surface aging system are: (1) more
robust age ranges to better incorporate the variation of age per phase; and (2) more
discrete categories based on morphology, which typically decreases the chance for
interobserver error.
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CHAPTER II
LITERATURE REVIEW
The auricular surface is the region on the ilium that articulates with the sacrum
to form the sacroiliac joint (SIJ). The joint is part synovial and part syndesmosis,
making the SIJ one of the strongest joints in the human body (Walker 1992). Muscles
adjacent to the SIJ (the quadratus lumborum, erector spinae, gluteus maximus, gluteus
minimus, piriformis, iliacus and latissimus dorsi) have fibrous expansions that blend
with the SIJ ligaments and add to the overall strength of the joint. Furthermore, the
anterior and posterior SIJ ligaments have been described as the strongest ligaments in
the body and are primarily responsible for the stability of the joint. It is primarily for
this reason that a relationship between the relative stability of the SIJ and more
regular morphological change in the auricular surface may exist. If a stronger joint is
able to handle stress better than a weaker joint, the result should be less pronounced
remodeling of auricular surface features. It is unclear, however, if the surface features
in a stronger joint would increase or decrease the reliability of age estimation.
Increased joint stability would certainly lead to a higher capacity to handle
mechanical stress.
Use of the auricular surface may improve age estimation in females, among
whom the pubic symphysis has been demonstrated to be a less accurate predictor than
in males, probably due to childbirth stresses affecting this joint (Suchey 1979). Other
stresses on the pelvic joints include those related to bipedal locomotion; the SIJ is
subjected to not only the mechanical stresses of locomotion but also to the weight of
the upper body during these activities. The sacrum and the ilium, however, are
7

separated by cartilage that varies in thickness from individual to individual (Walker
1992). This suggests that the differences in auricular surface morphology may also
depend upon the thickness of an individual's cartilage, but no study has been made to
determine whether this thickness varies systematically (i.e., by sex or race) in human
populations.
The auricular surface has also been used as a nonmetric indicator of sex in the
innominate. Weaver (1980) noted the importance of the auricular surface in the
estimation of sex in fetal and infant skeletal remains, concluding that female auricular
surfaces tend to be raised from the surrounding portions of the ilium while the
auricular surfaces of males are not. Mittler and Sheridan (1992) evaluated Weaver's
method using a sample of subadults (ranging in age from birth to 18 years of age) of
known sex. The authors wanted to determine the overall success rate and the
probability that an individual case could be correctly sexed using the methods set
forth by Weaver (1980). They noted that accuracy increased with age, as female
individuals between the ages of 10 and 18 years of age with elevated auricular
surfaces were correctly sexed 100% of the time (n=12).
The original study on age-related changes of the auricular surface was
performed by Lovejoy et al. (1985) on skeletal material from the Libben Collection
housed at Kent State University (n=250), the Hamann-Todd Collection curated at the
Cleveland Museum of Natural History (n=500), and forensic cases from the
Cuyahoga County Coroner's Office (n=14). The Libben Collection is a late
Woodland population (dated between 800 and 1000 A.D.) from Ohio comprised of
individuals of unknown age-at-death. Although the Hamann-Todd Collection
consists of black and white individuals for whom age is recorded, many of the ages
reported were estimated at the time of autopsy, and are unknown. It is unclear
whether or not the age, sex, or race of the individuals used from the Cuyahoga County
8

Coroner's Office were known during the time of the study. The authors noticed a
correlation between age estimated through several regions of the skeleton and
auricular surface morphology (Meindl and Lovejoy 1989). After recognizing the
regularity with which auricular surface morphology appears to have changed with
age, the authors conducted an analysis to correlate change in morphology with age.
This study included a new method of age estimation based on metamorphosis
of the auricular surface, the application of a case-by-case seriation and a systematic

...

multifactorial method of age determination (Lovejoy et al. 1985). The results of the
study defined eight stages of metamorphosis divided into five and ten year
increments, spanning a range of 20-60+ years. Seriation was applied to minimize
research time and reduce the chance of inter-observer error. The age ranges were
created and the modal features recorded for each phase in the technique. Sample
photographs of each stage of metamorphosis were provided in the original study and
have since been updated (Meindl and Lovejoy 1989). Subsequent tests of accuracy
were conducted using specimens from the Hamann-Todd Collection. Two blind tests
were run with sample sizes of 100 and 110 respectively, which were drawn randomly
from the Hamann-Todd Collection. Results showed that the use of the auricular
surface aging technique as a single indicator of age-at-death is comparable to or better
than any other adult aging technique.
The importance of the auricular surface technique in a multifactorial
determination of skeletal age was also demonstrated by Lovejoy et al. (1985). A
multifactorial method was presented that uses a principle components weighting of
five indicators of age. These indicators included the pubic symphyseal face, auricular
surface, radiographs of the proximal femur, dental wear, and suture closure. This
method was tested by blind assessment of age in two samples from the Hamann-Todd
Collection numbering 130 and 131 individuals. The study concluded that the most
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important aspect of using the auricular surface in the determination of age rests in the
region's durability as well as its applicability to age determination well beyond the
fifth decade of life.
Lovejoy et al. (1995) used the comparative anatomy of primates to
demonstrate the efficacy of the pubic symphysis and the auricular surface in the
estimation of age-at-death. In this study, the authors argue that the pubic symphysis
is valuable for age estimation up to and immediately following the formation of the
ventral rampart (typically in the third or fourth decade of life; phases I-Vin the Todd
system) and that changes in this region following the fusion of the ventral rampart
"offer only minimal special ability to systematically chronicle advancing age"
(Lovejoy et al. 1995: 33). Auricular surface morphology, however, changes in a
regular way throughout life. Therefore, while the pubic symphysis is a helpful
indicator of age into the third and fourth decades of life, the auricular surface is a
more reliable indicator of age beyond the fourth decade of life. The authors also
argue that any attempt to estimate age from skeletal remains should consider all
regions available and when faced with large demographic samples, seriation should
be employed in order to avoid or reduce inter-observer error.
Meindl and Lovejoy (1989) reviewed their original study in Age Markers in
the Human Skeleton (Iscan 1989), stressing the importance of the auricular surface
aging technique in the study of paleodemography. In this article the authors argued
that auricular surface morphology is a valuable indicator of age because: (1) it is more
durable than other regions through which age can be estimated (i.e. pubic symphyses
and sternal ends of ribs) and thus more likely to be present upon examination of
skeletal material recovered from an archaeological context; and (2) the results
produced in tests of the auricular surface method indicate a higher frequency of
correctly aging individuals past the fifth decade of life, thus giving a more accurate
10

paleodemographic profile. The authors also argued that the most accurate means of
determining age-at-death in the human skeleton is accomplished via the multifactorial
method. The multifactorial method takes into consideration the evidence of age
gathered from as many regions represented that can be used to indicate age-at-death.
The use of the auricular surface technique in the context of forensic anthropology was
not discussed.
A test of the accuracy of the auricular surface aging technique on a case-by
case basis was conducted by Murray and Murray (1991). In a blind study of 189
autopsied individuals of known age at the time of death from the Terry Collection,
curated at the Smithsonian Institute, the auricular surface aging technique was
employed to determine the accuracy of the technique across race and sex. In their
conclusions they suggest that degenerative change is not dependent upon race or sex.
The investigators discovered, however, that the auricular surface technique had a
tendency to underage specimens by almost 13 years (Murray and Murray 1991). This
suggests that the rate of degenerative change is unreliable as a single indicator of age
and that errors made in estimating age with auricular surface morphology occurred
too frequently for the method to be of useful to forensic anthropology (Murray and
Murray 1991). This also suggests simply that while the age ranges defined by
Lovejoy et al. (1985) may seriate a large sample, they do not reflect individual
variability of the auricular surface morphology related to age.
In each of the articles reviewing the auricular surface method (Lovejoy et al.
1985; Meindl and Lovejoy 1989) the terminology described remained the same and is
included below.
Billowing is similar to what is described in youthful pubic symphyses, but is
less prominent in auricular surfaces. It refers to a series of transverse ridges that tend
to cover the entire surface in younger individuals while slowly disappearing in older
11

individuals (Figure 1 ). Note that the transverse ridging, particularly inferiorly, is not
as prominent as the billowing characteristic of a youthful pubic symphysis.
Transverse organization is a main feature found in individuals of a younger age. It
refers to the anteroposterior organization of surface features (Figure 2). Transverse
organization is typically lost with increasing age, resulting in irregular surface
organization (Figure 6).
Striae tend to appear after billowing and are the remnants of the ridges once
associated with billowing (Figure 2). As with billowing, striae are lost as age
increases, but may remain on the margins of the surface of older individuals.
However, these should be disregarded if they lack transverse organization.

Figure 1.

Billowing in the Auricular Surface.
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The apex is the portion of the auricular surface that meets with the posterior
extension of the arcuate line. This is the area referred to when apical change is
discussed. Apical change generally increases with age and is marked by irregular
margins that may exhibit lipping and in severe cases the formation of osteophytes
(Figure 3).
The retro-auricular region refers to the area directly posterior to the auricular
surface extending to the posteroinferior iliac crests. Activity in this region increases
with age and includes macroporosity, presence of osteophytes and surface irregularity
(Figure 4).

Figure 2.

Transverse Organization and Striae.

13

Figure 3.

Marked Apical Activity With the Presence of Osteophytes.

Granularity refers to the surface texture as judged by the unaided eye.
Granularity is fine in younger individuals and becomes more coarse with increasing
age (Figure 5). In Figure 5, auricular surface "A" is an example of fine granularity,
while "B" is an example of coarse granularity. Fine granularity is particularly evident
on the most inferior part of surface "A."
Densification is a surface feature that replaces coarse granularity with
increasing age. Densification does not refer to the density of the bone itself, but
appears as areas of compact subchondral bone that exhibit no grain (Figure 6).
Macroporosity may or may not appear in older individuals. If present it will
occur across a significant section of the surface and indicate senescence (Figure 7).

14

Figure 4.

Marked Retroauricular Activity.

Subchondral destruction tends to occur with increasing age. Subchondral
destruction may occur in younger individuals, but its presence is usually not
widespread. These surfaces are typically porous and irregular (Figures 7 and 8).
Lovejoy et al. (1985) used the preceding features to develop modal stages of
metamorphosis of auricular surface morphology. Age ranges were selected and the
modal conditions of auricular surface morphology were described as the typical
repres�ntations of each phase of development. The modal age ranges defined by
Lovejoy et al. (1985) are provided below.

15

B
Figure 5. Fine and Coarse Granularity in the Auricular Surface.
PHASE 1: 20-24 YEARS
Individuals scored within this range will have surfaces that are fine grained
with marked transverse organization and pronounced billowing. No retro-auricular or
apical activity is present nor is there evidence of macroporosity. Should any
subchondral defects be present they will appear smooth-edged.
PHASE 2: 25-29 YEARS
This range of development differs from the previous range only in the degree
of expression. In this range there is slight loss of billowing that is replaced by striae,
marked transverse organization and granularity that is only slightly more coarse than
was the case in the previous phase. There is no evidence of macroporosity, apical or
retro-auricular activity.
16

Figure 6.

Densification and Irregular Surface Organization.

is not present in this age range.
PHASE 3: 30-34 YEARS
The features of this age range are also characterized by the reduction of
billowing, which are replaced by striae and the loss of transverse organization.
Furthermore, the surface becomes more coarsely granulated with no changes at the
apex and the possibility of slight retro-auricular activity. Macroporosity is not present
in this phase of development.
PHASE 4: 35-39 YEARS
Morphological features consistent with this range include uniform coarse
granularity, poorly defined transverse organization and the reduction of striae. There
17
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Figure 7.

Macroporosity Leading to Subchondral Destruction.

may also be slight retro-auricular activity and minimal apical change. Macroporosity
is not present in this age range.
PHASE 5: 40-44 YEARS
In this age range there is a loss of transverse organization, vague striae, coarse
granularity and some densification. Retro-auricular activity is slight to moderate,
apical change is slight and macroporosity may be present.
PHASE 6: 45-49 YEARS
Features common to this range include the continued replacement of coarse
granularity with dense bone, and the loss of transverse organization and striae. There
is moderate retro-auricular activity, apical change with irregular margins and
18

Figure 8.

Subchondral Destruction.

macroporosity may also be present.
PHASE 7: 50-60 YEARS
Surface morphology in this age range typically includes surface irregularity,
densification with possible residual granularity, moderate to severe retro-auricular
activity, apical change with irregular margins and macroporosity.
PHASE 8: 60+ YEARS
Morphological features of this range include an irregular surface, densification
with subchondral destruction, severe retro-auricular activity, apical change with
marginal lipping as well as the presence of osteophytes and macroporosity.
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CHAPTER III
MATERIALS AND METHODS
This study documents the application of the auricular surface technique of age
estimation on a case by case basis to the Bass Donated Collection, housed at the
University of Tennessee, Knoxville and the Terry Collection, housed at the United
States National Museum of Natural History at the Smithsonian Institution in
Washington, D.C. The Terry Collection consists of 1,636 skeletons with documented
age, sex and race and was collected between 1914 and 1965 by Robert Terry and
Mildred Trotter (Thompson 1982). The sub-sample taken from the Terry Collection
totaled 194 individuals (see Table 1). The Bass Collection was started in 1981 and is
made up of individuals who were either donated by their families or by medical
examiner offices (L.M. Jantz, personal communication 2000). The fact that the Bass
Collection is a contemporary U.S. population skeletal sample is important when
developing population-specific standards for use in forensic contexts. Since many
morphological traits (i.e., bone growth, dental development) have been affected by
secular trends and are influenced not only by time, but also by geography, it is clear
that the most appropriate reference population to use in such studies should be linked
genetically and temporally to the population to which the results will be applied,
when possible (Lagrou n.d.).
A further complicating matter is the issue of documented age. In fact, the
Hamann-Todd, Terry and Bass Collections each have some individuals whose age is
estimated, rather than documented. Although some individuals in the Bass Collection
do not have documented ages, care was taken to ensure that only individuals of
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Tablel
Sample Distribution by Sex, Race and Collection
Sex and Race

Terry

Black Males

49

11

60

Black Females

58

2

60

White Males

45

44

89

White Females

42

15

57

Total

194

72

266

Bass Donated

Combined

documented age at the time of death were used in this study. The total sample
distribution across sex and race are divided into 10-year increments in Table 2.
For this study a total of 72 individuals were examined from the Bass
Collection (17 females and 55 males), making the combined sample for this study 266
individuals. This sample, while slightly skewed towards white males in number, is
fairly evenly represented across sex and race. Cases were selected by someone other
than the investigator to include the maximum number of younger individuals in the
collection. Surface features were recorded without the knowledge of the individual's
true age. The left and right surfaces (when available) were scored independently
using the standards set forth by Lovejoy et al. (1985). Age, sex and race were
recorded subsequent to the initial observations.
Examination of auricular surface morphology in the Bass Collection
demonstrated that surface morphology not only varies with side, but it is also variable
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Table 2
Sample Distribution by Sex, Race
and Decade of Life
<20

20-29

30-39

40-49

50-59

60-69

Black Males

2

9

8

12

12

9

6

2

Black Females

7

8

9

10

8

10

9

0

White Males

1

11

19

18

16

12

9

3

White Females

0

3

11

9

11

12

9

1

10

31

47

49

47

43

33

6

Total

70-79 80-89

between demifaces. For clarification, the superior demiface is defined as the portion
of the auricular surface superior to the arcuate line, while the inferior demiface is the
part of the surface inferior to the arcuate line (C.O. Lovejoy, personal communication
1999). When faced with the task of scoring surfaces that did not fall clearly into a
distinct phase, the author used the features that were most prevalent on the surface(s)
to place the individual in an initial phase and then used additional indicators to raise
or lower phase assignment. This process was employed in the overall assessment of
phase in the auricular surface, as well as to the phase assignment of left and right
superior and inferior demifaces.
During the examination of the Terry Collection, therefore, the left and right
superior and inferior demifaces were scored independently of each other using the
standards set forth by Lovejoy et al. (1985). The superior and inferior demifaces were
estimated using an arbitrary sectioning point extended from the arcuate line
posteriorly. This is indicated in Figure 9 by the dashed line that divides the auricular
surface into superior and inferior regions. In some cases this proved to be
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problematic for two reasons. First, on average the superior demiface has less surface
area than the inferior demiface. This often resulted in more variation in surface
morphology of the inferior demiface, but when this occurred it was noted and did not
prove to be a major hindrance in phase assignment. The second problem was the
occurrence of subchondral destruction along the arbitrary line separating the superior
and inferior surfaces. This created an interesting dilemma, as with the auricular
surface method the presence of subchondral destruction clearly places an individual in
phase 8 (>60 years). In the cases where this occurred it was recorded as such and, if
distributed on one demiface more so than the other, then the demiface with the least
amount of subchondral destruction was scored as if none was present. However, this
was only employed if the amount of subchondral destruction on a given surface was
minimal if it was more clearly present, it was recorded as such and the surface was
scored as phase 8. When considering the entire surface in phase assignment, any sign
of subchondral destruction was taken to indicate that the individual was in phase 8.
However, the proportion of subchondral destruction on a given surface was noted for
each surface that exhibited this feature.
Age, sex, and race were recorded after the initial observations were made.
Death certificates of the individuals used in this study were examined to determine
whether or not the ages of the individuals used were documented or estimated.
Individuals whose ages were estimated at death were removed from the sample
accordingly.
Repeatability is a key factor in developing standards for age estimation. The
features described in each phase of development must be the modal condition of that
phase and features must not be too variable at a single age. Care must be taken to
only include features that correlate well with the real age of the individual in question
and to exclude those features that do not. This can be described as a signal to noise
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Superior Demiface
Retroauricular
Area

Apex

Inferior Demiface

Figure 9.

Auricular Surface Anatomy.

ratio. Features that do correlate well with age are the "signal" while those features
that do not correlate well with age are viewed as background "noise." However, there
are other factors that create "noise" in adult aging systems, but their causes often
elude researchers. These factors may include accumulations of micro-trauma,
variation in joint cartilage thickness, life history patterns, etc., that typically cannot be
controlled for in the creation of aging systems.
Furthermore, the features used in age estimation methods should be described
clearly to avoid possible confusion in meaning. It should be apparent to the
investigator using the technique, and to others trying to replicate the work, exactly
what is being described in the features that are common to each phase. Each phase
must be distinct from another (i.e., typified by exclusive categories of features) to
allow for consistent assignment given a group of morphological features.
24

The data were statistically analyzed in four ways: ( 1) analysis of covariance,
(2) calculation and comparison of inaccuracy and bias statistics, (3) calculation and
comparison of means and 95% prediction intervals, and (4) probit analysis.
Analysis of Covariance (ANCOVA) was utilized to determine whether or not
specific biological characteristics (e.g., age, sex, race, and population) and the
interaction of these variables influenced a given individual's auricular surface
morphology. In other words, ANCOVA examines whether or not the degenerative
change associated with auricular surface morphology is related to sex and race. Do
white males aged 27 tend to have a substantially different surface morphology than
white females at the same age? It should be noted that in this context "population"
refers to the collection from which an individual was drawn (i.e., Terry or Bass
Donated).
When testing or creating aging standards, inaccuracy and bias can be utilized
to illuminate general trends in the aging system. Such trends include the over- or
underestimation of age. When examining the accuracy of aging systems, inaccuracy
refers to the average error in years regardless of over- or under-estimation of age,
while bias refers to the average error in years taking into consideration the direction
of the deviation. To calculate these, the individual's true age was subtracted from the
mean age of the phase they were estimated to be in. In other words, if an individual
aged 40 was scored as being in phase 4 (35-39), 40 would be subtracted from 37.45,
as this is the mean of the 35-39.9-age range. In this case, the individual's inaccuracy
would be 2.55 and the bias would be -2.55, as the individual was under-aged.
The means and 95% prediction intervals of the ages of individuals who had
attained a particular phase were also calculated and used as age ranges. For
simplification this may be referred to as the "means method." Some may question the
use of parametric statistics (i.e., sample mean) when it is uncertain whether or not the
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sample being examined is normally distributed. Indeed, if a sample is not normally
distributed, non-parametric statistics (i.e., geometric mean) should be used to analyze

-

the data. In this study, however, the author is operating under the assumption that the
sample is normally distributed as indicated by the relatively equal representation of
individuals across sex, race and age.
Probit analysis is a cumulative distribution function that was originally
developed to examine dose-response relationships (Finney 1939) and provides "an
estimate of attainment of a growth stage" (Smith 1991:151). Probit analysis is used
for dichotomous variables: i.e., presence-absence. Probit analysis predicts the
probability at which a given individual will have reached a given phase of
development by a certain age. However, probit analysis is typically used to examine
developmental aging, not degenerative age-related change used to estimate age in
adult human skeletons. The use of probit analysis on developmental data is beneficial
due to the compressed time span during which development occurs in the human
skeleton and the regularity with which it occurs. Also, developmental change tends to
occur more rapidly than degenerative change, which is continuous, but scored
categorically for convenience. Given this, developmental change is easier to score
categorically (presence-absence) than is degenerative change thus making the former
more compatible with probit analysis. Degenerative change in the human skeleton
occurs following the fusion of the epiphysis and continues until death. Degenerative
change is likely not influenced by strict genetic control, in contrast to that which
regulates developmental aging. Furthermore, while developmental change can be
easily divided into phases (i.e., epiphysis is not fused, partially fused or fused),
degenerative change is not as easily divided into phases. With degenerative change,
phase transition is not a distinct event; rather, phase transition is continuous, but
scored categorically for convenience of use. In fact, there may be points during the
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transition from one phase to another that the individual may possess a mosaic of
features. This often makes assigning an individual to a given phase a difficult task,
particularly in regions where age related change is complex.
In an attempt to correct for this, the data were entered into the "Phases"
program provided by L.W. Konigsberg (www.konig.la.utk.edu). This program
estimates the ages of transition from one phase to another in a single age indicator.
The Phases program is a cumulative probit model that allows for the truncation of
ages in the first and last phase run in an analysis. Two separate analyses were run on
the data, each with a different lower truncation age. Analyses were run with lower
truncation ages at 14 and 20 years. The initial trial had a lower truncation age of 14
years, equaling the age of the youngest individual in the data set. The second analysis
was run on the data with the lower truncation age set at 20 years. This analysis was
performed because the original method uses the age of20 as its youngest age. For the
trial at 20 years of age, all individuals younger than 20 years were removed from the
sample prior to analysis. For both of the trials the upper truncation age remained at
100 years, older than the oldest individual in the sample (87 years). The goal in using
this model is to develop phases with age ranges that better serve forensic
investigators. Such a system would incorporate a majority of the ages of individuals
who have attained a given phase.
The four analyses described above were run first using the original scoring
method set forth by Lovejoy et al. (1985), then just using the information gathered
from the superior demiface, followed by the information gathered using the inferior
demiface alone, and finally using the individual features (i.e., transverse organization)
independent of other characteristics. This was done in an attempt to discover the
most accurate indicator of age on the auricular surface from among the morphological
features presented in the original study. As discussed above, when creating standards
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in age estimation it is important that the most clear indicator of age is stressed
because it gives the signal of the individual's age-at-death. Features that do not give
a clear indication of age-at-death are simply noise and thus are not useful in such
endeavors.
The data were analyzed using SPSS v. 9.05 (1998) and SYSTAT v. 5.2
(1992). The results of each analysis are discussed in Chapter 4.
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CHAPTERIV
RESULTS
Pearson correlations were used to assess the strength of the relationship
between AGE and PHASE (Table 3). Correlations between AGE and PHASE for the
left and right superior and inferior sections of the auricular surface were calculated, as
was the correlation for the estimated phase derived from using all four regions to
create a single phase estimate. The results indicate that AGE is most highly
correlated with an assessment of PHASE when using all 4 surfaces. Therefore, the
phase estimate data derived from examining all morphological features were used in
the following analyses.
Table 3
Pearson Correlations Between Age and Phase
by Surface Region

Region

R Value

P Value

All Regions

0.589

<0.001

Left Superior Demiface

0.538

<0.001

LeftInferior Demiface

0.544

<0.001

Right Superior Demiface

0.565

<0.001

Right Inferior Demiface

0.536

<0.001
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In order to determine whether or not there is a relationship between auricular
surface morphology, age, sex, race, and population, ANCOVA was run on the
combined data set. ANCOV A is designed to test the relationship between a number
ofindependent variables (e.g., AGE, SEX, RACE, and POPULATION) and the
influence they have on a dependent variable (i.e., auricular surface phase). The
general model for ANCOVA is provided in Table 4 (Daniel 1999). The results ofthis
test indicate that for the factors that were controlled (AGE, SEX, RACE, and
POPULATION), AGE was the only significant (at p � 0.05) influence on auricular
surface morphology (Table 5). Since SEX, RACE and POPULATION do not affect
auricular surface morphology, it is not necessary to create sex or population specific
standards for age estimation. Note again that "population" here refers only to the
Bass (late 20th century) and Terry (early 20th century) U.S. samples. This seems to
indicate that secular trends have not affected the correlation ofphase with age in the
auricular surface this past century. While the interaction between RACE and
POPULATION approaches significance (at p = 0.057), it is not significant (at p �
0.05). Hence, population is not significant and, therefore, it is possible to lump the
entire sample into one test population. The r2 for the ANCOVA model yields a value
of0.363, however, indicating that some 64% ofthe variation ofauricular surface
morphology is not correlated with age, sex, race, or population, but rather with some
unknown variable or variables. The adjusted r2 for age (0.343) indicates that 34% of
the variation in auricular surface morphology is caused by age.
Inaccuracy and bias statistics were utilized to determine the accuracy ofthe
standards created in the Lovejoy et al. (1985) study. The results indicate that the
method becomes increasingly inaccurate with the progression to higher phases.
Furthermore, individuals estimated in phases 1-3 tend to be over-aged, those in
phases 4-6 are under-aged and individuals scored in phases 7 and 8 are over-aged
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Table 4
ANCOVA Model
Independent Variables

Dependent Variable

Sex+ Race+ Population+ (Sex * Race)+ (Sex * Population)+
(Race * Population)+ (Sex * Race * Population)+ Age

Phase =

Table 5
Results of ANCOVA with PHASE as the
Dependent Variable (N=266)
Factor

F-Ratio

P Value

Sex

0.057

0.812

Race

1.109

0.293

Population

1.361

0.244

Sex*Race

0.001

0.969

Sex*Population

0.177

0.674

Race*Population

3.652

0.057

Sex*Race*Sample

0.480

0.489

Age

134.266

<0.001*

* Significant at the 0.05 level.
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(Table 6).
If the age ranges provided in the original study are used to estimate the age of the
individuals used in this study, it becomes readily apparent that their 5-year error
intervals are insufficient for the needs of forensic anthropology. Table 7 lists the
percentages of individuals correctly aged using the original 5-year error ranges for
each of the eight phases and for the total sample.
Even if the age ranges provided in the original method are expanded to include
the phase preceding and following the phase in which an individual is scored (e.g.,
providing 10-15 year ranges), the results are not accurate enough to warrant the use of
the method as a single indicator of age-at-death. The results are, however, much
better than simply using the original standards. Table 8 lists the results of expanding
the age ranges set forth in the original study.
The mean ages and the 95% prediction intervals for each phase were calculated
to examine age variation by phase. Table 9 lists the formula used in calculating the
95% prediction intervals (Daniel 1999). While the results are not discrete (meaning
that there are large age distributions and significant overlap of ages per phase), they
are an accurate representation of the amount of variation in age present in each phase
of development that would exist in the parent population as a whole (Table 10). In
some cases (e.g., phases 1, 2, 5 and 6) there does not appear to be a significant
difference between the ages of each phase. This may warrant the collapsing of phases
with similar age distributions into one phase, similar to other refined aging systems
(Brooks and Suchey 1990; Katz and Suchey 1986). Once the 95% prediction
intervals were determined, the data were examined to establish how many of the
individuals used in the study would be aged correctly using the new standards. Table
10 details the percentages of individuals correctly aged using the 95% prediction
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Table 6
Inaccuracy and Bias for the Combined Sample
Using Lovejoy's Standards
Phase Age Range n Inaccuracy*

Inaccuracy Range*

Bias*

Bias Range*

I

20-24

5

5.3

2.5-8.5

4.3

-2.5-8.5

2

25-29

10

7.0

2.5-11.5

7.0

2.5-11.5

3

30-34

13

7.2

0.5-13.5

3.3

-12.5-13.5

4

35-39

37

11.2

0.5-38.5

-4.9

-38.5-13.5

5

40-44

52

11.6

0.5-36.5

-4.8

-36.5-19.5

6

45-49

30

11.5

1.5-32.5

-1.2

-32.5-18.5

7

50-60

17

IO.I

0.0-32.0

1.9

-32.0-24.0

8

>60

102

13.0

0.0-39.0

6.1

-22.0-39.0

266

11.4

0.0-39.0

1.2

-38.5-39.0

All phases

*Inaccuracy and bias are reported in years.
intervals derived from this study. The overall trend shows that age estimation
becomes less accurate as individuals progress into more advanced phases, as is
common in all studies of skeletal aging (e.g., Nawrocki 1998). The inaccuracy and
bias results for the entire sample as a whole are 11.1 and 0.01, respectively.
Probit analysis was run on the data to examine the relationship between
auricular surface morphology and age. The data were insufficient to allow for probit
analysis of phase 1. Overall, the results indicate that the correlation between auricular
surface morphology and age is highly variable. Table 11 lists the ages at which 5%,
50%, and 95% of the population are expected to attain a given phase, as well as the
inaccuracy and bias (calculated from the 50%) for phases 2 through 8. Inaccuracy
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Table 7
Percentage oflndividuals Correctly Aged With Lovejoy's
Age Intervals
Phase

Corresponding Ages

n

% Individuals Correctly Aged

1

20-24

5

80%

2

25-29

10

20%

3

30-34

13

15%

4

35-39

37

16%

5

40-44

52

15%

6

45-49

30

10%

7

50-60

17

53%

8

>60

102

52%

266

33%

All Phases

and bias values for probit analysis are higher than they are when using the means
method.
Although the ages reported for the 50th percentile do demonstrate fairly
consistent age progression, the age ranges produced by probit analysis may not be
realistic because they produce ages in negative years (e.g., 5% of all individuals will
have reached phase 5 by -1 year) (Table 11). In order to compress the data in probit
analysis and create more realistic age ranges the data were run through the "Phases"
program (www.konig.la.utk.edu) with truncation ages at 14 and 20 years. The initial
trial had a lower truncation age of 14 years, equaling the age of the youngest
individual in the data set. The second analysis was run on the data with the lower
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Table 8
Percentage oflndividuals Correctly Aged With Inclusion
of Adjacent Phases
Expanded Error Interval

Phases

n

1

5

20-29

100%

2

10

20-34

100%

3

13

25-39

54%

4

37

30-44

41%

5

52

35-49

42%

6

30

40-60

43%

7

17

45->60

71%

8

102

> 50

72%

266

NIA

All Phases

% Individuals Correctly Aged

59%

Table 9
Formula for Computing 95% Prediction Intervals

5'

±

t(0.05) * �

• (s)

Where l = sample mean; t(0.025) represents the 95% of the two-tailed t distribution;
n= sample size per phase; and s represents the standard deviation per phase (Hahn and
Meeker 1991).
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Table 10
Mean Age and 95% Prediction Intervals by Phase

w

0\

Phase

n

*S!

*S.D.

*95% P.I.

Accuracy

1

5

18.2

4.09

5.8-30.6

100%

2.7

0.2-6.8

0.00

-6.8-4.2

2

10

20.5

3.10

13.1-27.8

100%

2.5

0.5-4.5

0.00

-4.5-4.5

3

13

29.2

7.91

11.3-47.1

100%

6.1

0.2-15.8

-0.03

-15.8-10.2

4

37

42.4

13.67

14.4-70.4

97%

11.2

0.6-33.6

<0.00

-33.6-18.4

5

52

47.3

14.20

18.6-76.0

96%

11.4

0.3-31.7

<0.00

-31.7-24.3

6

30

48.7

13.70

20.1-77.3

97%

11.3

0.3-31.3

0.00

-31.3-19.7

7

17

53.1

14.14

22.3-83.9

94%

10.3

0.9-33.9

·-0.02

-33.9-22.1

8

102 58.9

15.24

28.4-89.4

98%

12.9

0.1-32.9

0.00

-28.1-32.9

*Inaccuracy *Inaccuracy Range

*Bias

*Bias Range

*Figures are in years; "S.D." refers to standard deviation; "P.I." stands for prediction interval; "accuracy" refers to the
percentage of individuals from the original sample correctly aged using the 95% prediction interval; "Inaccuracy" and
"Bias" are reported as the mean ages in years.

Table 11
Probabilities of Attaining a Given Phase by Age
and Inaccuracy and Bias
Phase

n

2

10

6

16

24

4.5

0-9

-4.5

-9-0

3

13

16

22

27

8.0

0-23

-23.0

-23-3

4

37

13

25

37

17.5

0-51

-17.4

-51-1

5

52

-1

30

62

18.2

0-49

-17.3

-49-7

6

30

1

45

88

11.9

1-35

-3.7

-35-16

7

17

10

54

99

10.2

0-33

0.9

-33-23

8

102 102 67

121

13.4

0-41

8.1

-20-41

All

5% 50% 95% *Inaccuracy *Inaccuracy Range *Bias *Bias Range

266

13.9

-3.6

*Inaccuracy and bias were calculated using the ages at which 50% of the population
would have attained a given phase; "All" refers to all phases combined in which "n" is
totaled and "Inaccuracy" and "Bias" represent the data for the entire sample as a
whole.

truncation age set at 20 years. This analysis was performed because the original
method uses the age of 20 as its youngest age. For the trial at 20 years of age, all
individuals younger than 20 years were removed from the sample prior to analysis.
The Phases program determines the mean age at transition from one phase to the next
(Tables 12 and 13). Once again, the inaccuracy and bias values are higher than those
derived from the means method.
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Table 12
Mean Age at Transition From One Phase to the Next
With Truncation Age at 14 Years
Phase Transition

Mean Age *Inaccuracy *Inaccuracy Range *Bias *Bias Range

1-2

16.2

4.3

0.2-8.8

-4.3

-8.8-0.2

2-3

20.4

9.1

0.4-24.6

-8.8

-24.6-1.4

3-4

25.6

17.0

0.4-50.4

-16.8

-50.4-1.6

4-5

36.4

14.0

0.4-42.6

-10.9 -42.6-13.4

5-6

47.5

11.5

1.5-32.5

-1.2

-32.5-18.5

6-7

53.5

10.3

0.5-33.5

0.4

-33.5-22.5

7-8

56.9

13.1

0.1-30.9

-2.0

-30.1-30.9

All Phases

12.9

-6.0

*Inaccuracy and Bias were computed using the mean ages at phase transition; the
inaccuracy and bias figures reported as "All Phases" are the respective values for the
sample as a whole.
Summary
The data presented herein suggests that change in auricular surface morphology
with age is highly variable. This is expected, as it is the case for all other regions of
the skeleton from which adult age is estimated. The results obtained from ANCOVA
indicate that age is the only significant (at the 0.05 level) factor influencing change in
auricular surface morphology. The age ranges provided in the original standards have
been demonstrated to be too narrow for the purposes of forensic anthropology. The
age ranges derived from the calculation of 95% confidence intervals, as well as those
derived from probit analysis, provide more robust age ranges that reflect the true
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variation in this aging system.
Table 13
Mean Age at Transition From One Phase to the Next
With Age Truncation at 20 Years
Phase Transition

Mean Age

1-2

20.4

2.5

0.4-4.6

-0.1

-4.6-4.4

2-3

22.2

7.9

0.2-22.8

-7.0

-22.8-3.2

3-4

26.5

16.2

0.5-49.5

-15.9 -49.5--15.9

4-5

36.7

13.9

0.3-42.3

-10.6 -42.3-13.9

5-6

47.6

11.5

1.4-32.4

-1.1 -32.4-18.6

6-7

53.4

10.3

0.6-33.6

0.3 -33.6-22.4

7-8

56.8

13.1

0.2-30.8

All Phases

Inaccuracy Inaccu_racy Range

12.7

Bias Bias Range

-2.1

-30.2-30.8

-5.6

*Inaccuracy and Bias were computed using the mean ages at phase transition; the
inaccuracy and bias figures reported as "All Phases" are the respective values for the
sample as a whole.
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CHAPTERV
DISCUSSION
The results of the ANCOVA test are perhaps the most interesting and
important results derived from this study. The ANCOVA indicates that for factors that
may influence change in auricular surface morphology (age, sex, race, and population),
age is the only factor that influences such change. Given the findings at present there
is no need to create population specific standards for blacks and whites or males and
females for the use of auricular surface as an indicator of age-at-death. These results
demonstrate that standards for age estimation using auricular surface morphology can
be developed on a reference population (of documented age-at-death) and the results of
such a study can be applied to other individuals in that population regardless of sex or
race. Caution is warranted, however, when using the auricular surface as an age
indicator on a population not represented in the Terry and Tennessee collections (e.g.,
non-US. populations) as well as populations derived from archaeological contexts.
Auricular surface morphology has great potential as an indicator of age in
skeletal remains of a forensic nature, particularly in the United States. The reasons for
this are twofold: (1) as was discussed earlier, the auricular surface is highly durable
with regards to taphonomic processes and, thus, extremely useful in the presence of
fragmentary remains; and (2) since auricular surface morphology is not affected by sex
or race, an assessment of age-at-death can be made without knowledge of the
individual in question's sex or racial classification, the latter being problematic on
many levels (Marks 1995).
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Another interesting point is that while age does account for change in auricular
surface morphology, it is not the sole contributor to such change. As indicated by the
r2 value (.363), only about 36% of the observed variation in auricular surface
morphology is due to the influence of age and the categorical variables (sex, race,
population and the interaction of these factors). Since the categorical variables do not
contribute significantly to auricular surface morphology, it is safe to assume that age
alone accounts for the majority of the 36% of the variation in auricular surface
morphology. Therefore, there must be other factors for which effects cannot be
controlled that influence change in auricular surface morphology. Such factors may
include individual differences in joint cartilage thickness, occupational stresses, and
the size and shape of the joint surface itself. The Pearson correlation between age and
phase is 0.589.
The results of testing the inaccuracy of the method show that the average
estimation error increases with the progression into higher phases. This seems to
mirror the overall trend in age estimation, as the accuracy of age estimation decreases
as age of the individual increases. This is likely a result of individual differences in
anatomy and life history following completion of growth. Bias indicates that more
often than not, using Lovejoy's method will over-age an individual, as only phases 4-6
have a tendency to under-age individuals. This may be an indication of two things:
either the seriation phases created in the original study were incorrectly correlated with
age or the phases created in the original study are not distinct (i.e. mutually exclusive
categories), meaning there are not significant differences between adjacent phases. It
is interesting to note, however, that the inaccuracy and bias results for the entire
sample as a whole (Table 6) are not very different than some of the other inaccuracy
and bias values (Table 10) and are better than others (Tables 11, 12 and 13). The bias
values for the individual phases using Lovejoy's method are, however, larger than
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those calculated for the individual phases derived from the means method.
The percentage of individuals correctly aged using the original standards
demonstrates how insufficient the age ranges for this system are. Some authors argue
that an aging system should not be tested on the population from which it was
developed, as a different population may be more variable than the population used to
create the standards (Meindl and Lovejoy 1989). Thus, such a different population
would truly test an aging method's applicability to a larger population. Since neither
the Terry nor Bass Donated Collections were used in the original study, they should be
an excellent test of this aging system. It is clear that the original standards do not
address the full range of variation expressed in the auricular surface aging system.
If, however, the age ranges are expanded to include the ranges adjacent to the
estimated phase there is marked improvement in the percentage of individuals
correctly aged. This may seem appealing to the forensic investigator whose primary
goal in estimating age-at-death is to provide a broad enough age range so that a
potential positive identification is not excluded, but a range that is also narrow enough
to facilitate the identification process. Another benefit to this practice is the decreased
chance of incorrect phase assignment. Typically the morphological features of
adjacent phases differ only slightly, so by including their age ranges into a more robust
age range the investigator would reduce the chances of incorrect phase assignment due
to their slight, but incorrect, assessment of morphological features. Therefore, the age
range of an individual estimated as being in phase 3 would incorporate the age ranges
for phases 2, 3 and 4. In so doing, the original 5-year age range is expanded 10 to 15
years. While this results in a greater percentage of individuals correctly aged,
particularly for phases 1 and 2, the results still do not describe the full range of
variation present in auricular surface morphology.
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The 95% prediction intervals calculated for each phase indicate that change in
auricular surface morphology and age are much more variable than was originally
proposed. The 95% prediction intervals predict, for each phase, the ages that 95% of
the population can be expected to have reached. If these prediction intervals were used
as age ranges in an aging system, they would be as robust as other aging systems that
are based on rates of degenerative change, e.g. the pubic symphysis (Brooks and
Suchey 1990; Katz and Suchey 1986).
The mean ages for each phase illustrate another interesting point for
consideration. The; mean ages for phases 1 and 2 differ by only 2.3 years, while the
mean ages for phases 5 and 6 differ by 1.4 years. These minimal discrepancies appear
to indicate that there is no significant difference between phases 1 and 2, or between 5
and 6. Previous studies on aging systems have often used results similar to those
discussed above to modify an established aging system by collapsing phases with
similar distributions into one (Katz and Suchey 1986). Despite the caution against
testing aging standards on the population from which they were derived, it should be
noted that the percentage of individuals correctly aged using the 95% prediction
intervals increases markedly. The lower phases seem to be more accurately aged than
the higher phases. Overall, the inaccuracy and bias estimates using the means method
are lower than those obtained from probit analysis. It seems that the age ranges
derived from the means method for each phase are more accurate than are the age
ranges derived from any of the three types of probit analysis that have been calculated
in this investigation.
The results of running probit analysis, as discussed above, provide age ranges
that are simply not realistic, particularly if the 5th and 95th percentiles are used. If these
standards were used as age ranges, all individuals used in this study would have been
aged correctly. The problem in doing this, however, is that the age ranges produced
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are so wide (e.g., phase 8 is a 110 year age range!) that use of this indicator provides
little help in creating a biological profile for the subsequent identification of the
individual in question. The inaccuracy and bias values are slightly higher using the
age ranges derived from probit analysis than they are using the other methods
employed in this study (95% prediction interval, probit analysis with truncation at 14
years and 20 years). This indicates that probit analysis may be too inaccurate for use
in creating aging standards on the auricular surface for the adult human skeleton. It is
worth mentioning that probit analysis does provide accurate age ranges when used in
studies documenting growth and developmental aging. But probit analysis does not
seem to describe the age variability inherent in adult aging systems.
The "Phases" program is helpful in that it allowed for truncation during the

.

running of probit analysis. It is interesting that the mean ages at transition from one
phase to the next do not appear to be very different in some situations. For instance,
with a lower age truncation of 14 years the first 3 phases have mean ages at transition
separated by less than 10 years. If the means of these phases are so similar in value, it
may be possible to collapse two or all of them into a single phase. The same can be
said for phases 7 and 8, which have mean ages at transition separated by 3 years. If
these events do not differ significantly in their timing and features that make them
"morphologically distinct," then this may warrant the combination of these two phases
into one. The inaccuracy and bias results obtained using these age ranges are slightly
better than those derived from probit analysis without truncation, but slightly less
accurate than the results of probit analysis with truncation at 20 years and the results of
using the means method as well.
With the truncation set at 20 years, the results produce similar chronological
spacing in the mean age at transition from one phase to another. The predicted ages of
transition from phases 1 to 2, 2 to 3 and 3 to 4 are slightly older than those derived
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from a truncation set at 14 years. The remaining predicted ages at phase transition,
however, differ from those calculated with truncation at 14 years by 0.3 years at the
most. The results of truncating at 20 years are similar to those derived from truncating
at 14 years as they demonstrate that the differences in ages at transition in some
situations are so small that they may warrant the collapsing of two or more phases into
one. The inaccuracy and bias results produced here are slightly more accurate than
those derived from the other methods of probit analysis used in this study, but are less
accurate than the results obtained from using the means method.
Phase distinction is an important issue to consider when creating and using
aging systems, particularly those developed for use on the adult skeleton. As
discussed above, age change in the adult skeleton, or degenerative change, do not seem
to be under as strict genetic regulation as developmental aging. Degenerative change
does not correlate highly with age, contra developmental aging. Instead, the timing of
degenerative change appears to vary greatly from individual to individual. To
complicate matters further, the transition from one phase to the next does not occur
instantly, moreover, it is an event that may take a significant amount of time. There
were several instances during this investigation that auricular surface morphology
consisted of a mosaic of features from different phases (e.g., Figures 10, 11 and 12).
The black male in Figure 10 displays features that place him in an older age range
(phase 8: >60 years) than his real age (39 years). The marked subchondral destruction
and dense, irregular surface are all hallmarks of phase 8 morphology. The auricular
surface of the individual in Figure 11 has a largely dense superior demiface, while the
inferior demiface is both coarsely granular and dense and the most inferior portion, but
the surface features maintain some transverse organization. Therefore, this 71-year
old white female is under-aged (phase 6: 45-49 years) using Lovejoy's standards. The
black male in Figure 12 shows how variable auricular surface morphology can be on
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one surface. Superiorly there are striae evident, as well as an increase in coarse
granularity, placing this individual in phase 3 (30-34 years). Inferiorly there is
densification and the beginnings of subchondral destruction, a strong argument for
placing this individual in phase 8 (>60 years). Actual age of this individual is 38 years
The reasons for these discrepancies are twofold: (1) as discussed above, phase
transition does not typically occur over a short span of time; and (2) the auricular
surface itself is a large region over which morphological change does not occur evenly.
Another point to consider is the cartilage thickness in the SU may vary not only by
individual, but within individual surfaces as well. If this is true, the result may be
different rates of change for different regions of cartilage thickness. These factors
make it difficult to create distinct phases, but an attempt should be made to develop
phases that are as distinct as possible. In addition to this, the age ranges for each phase
should be large enough to accommodate the full range of variation expressed by the
morphological features described in each phase. If these steps are not taken the
likelihood of correctly scoring an individual decreases. In other words, if the
morphological features for phases 1 and 2 are not distinct, but the age ranges are (2024 years and 25-29 years for phases 1 and 2, respectively), then it is more likely that an
individual will be incorrectly aged.
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Figure 10.

Phase 8 Morphology in a Younger Individual.
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Figure 11.

Youthful Features in an Older Individual.
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Figure 12.

Mosaic of Auricular Surface Features.
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CHAPTER VI
CONCLUSIONS
The seemingly variable, continuous morphological changes common in
degenerative stages and therefore used in estimating adult age-at-death are not recent
trends in age estimation. Rather, they are issues that have plagued osteologists
concerned with adult age estimation in the past and will probably continue to do so in
the future. It seems that the most appropriate answers to the issues involved with
estimating age in the adult skeleton are the placement of morphological change into
phases for easier replication of the technique and the creation of age ranges that
accurately reflect the amount of variation present in a particular aging system.
In regard to estimating adult age-at-death in the human skeleton, ANCOVA
appears to be a useful tool that can examine the effects of multiple controlled factors
on the aging process, while the method of choice in statistically computing age ranges
seems to be the means method, particularly for forensic purposes (Nawrocki 1998;
Smith 1991). When creating standards for the estimation of age-at-death the full range
of variation inherent in the aging system should be presented so that the reader is
afforded an understanding of how variable such endeavors may be.
Smith (1991: 153) warns that while "'average age of subjects in a stage' is more
suited to age prediction .. .its accuracy as a predictor can be compromised by sample
design" (emphasis mine). Predicting the age of an individual in a given phase is
precisely what is desired when an investigator is estimating the age of human remains
in a forensic context. Thus, the ideal forensic aging system would be developed as a
phase method with an evenly distributed sample of a documented skeletal population.
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This study meets both of the above conditions, as the method employed was a phase
system and the sample population is fairly evenly distributed by age, sex and race.
Given that some of the phases (e.g., 1 and 2; 5 and 6) do not appear to differ
significantly in their mean ages (see Table 9), the decision was made to collapse the
phases with similar mean ages into one phase (Table 14). T-tests were performed to
determine whether or not the mean ages of these phases were significantly different
(Table 15). The results of the t-tests indicate that the mean ages for phases 1 and 2 are
not significantly different, nor are the mean ages for phases 5 and 6. Therefore, this
statistical analysis justifies combining phases 1 and 2, as well as phases 5 and 6. After
collapsing the phases, all individuals under the age of 18 were removed from the
sample and the mean ages and 95% prediction intervals for each of the 6 phases were
Table 14
Collapsing Lovejoy's 8 Phase System into 6 Phases

Lovejoy's Phases

New Phases

1,2

1

3

2

4

3

5,6

4

7

5

8

6
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Table 15
Results oft-tests for Mean Ages
ofPhases 1,2,5 and 6
Phases

t value

P value

1 and 2

-1.22

0.847

5 and 6

-0.83

0.788

recalculated. Table 16 presents the new mean ages, 95% prediction intervals, the
suggested age ranges for each new phase and the inaccuracy and bias values for each
new phase. The suggested age ranges are modified prediction intervals for each phase.
They are rounded to the nearest year and in situations where the lower age limit falls
below 18 the range is listed as less than or equal to the upper limit ofthe age range
( e.g., phase 1 is "'5__27 years). Table 17 lists the percentages ofindividuals used in this
study correctly aged using these standards. Again, individuals under the age of18 are
excluded from the age ranges because it is assumed that the ages ofthose individuals
will be estimated with greater absolute accuracy using developmental indicators.
While this method is still "inaccurate" at certain phases, the near absence ofbias
suggests the method will not systematically over- or under estimate age-at-death.
While the inaccuracy and bias values ofthe 8 phase system (Table 9) are roughly
equivalent to those derived from the collapsed 6 phase system, collapsing the 8 phase
system is logical. Ifdifferentiation oftwo phases that are morphologically similar
does not provide the investigator any special insight into the age ofthe individual in
question, combining the morphological features into a single phase would naturally
give that phase a clearer signal, thus decreasing the likelihood ofinter-observer error.
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Table 16
Mean Ages, 95% Prediction Intervals and Suggested
Age Ranges in Years for the Collapsed Phases

Phase

n

* f.

*S.D.

*95% P.I.

1

11

21.1

2.98

14.8-27.4

<27

2

13

29.5

8.20

12.2-46.8

3

37

42.0

4

82

5

*Suggested Range *Inaccuracy

*Inaccuracy Range

*Bias

*Bias Range

2.7

1.1-3.9

0.0

-3.9-3.1

<47

6.2

0.5-15.5

0.3

-15.5-10.5

13.74 14.6-69.4

<69

11.2

1.0-34.0

-0.4

-34.0-18.0

47.8

13.95 20.2-75.4

20-75

11.5

0.2-32.2

0.0

-32.2-24.8

17

53.1

14.14

24.0-82.2

24-82

10.3

0.9-33.9

0.0

-33.9-22.1

6

102

58.9

15.24 28.8-88.9

29-89

12.9

0.1-32.9

0.1

-28.1-32.9

All

262

11.3

-0.0

*Figures are in years; "S.D." refers to standard deviation; "P.I." stands for prediction interval; "Inaccuracy" and "Bias" are
reported as the mean ages in years; "All" refers to all phases combined in which "n" is totaled and "Inaccuracy" and "Bias"
represent the data for the entire sample as a whole.

Table 17
Percentage of Individuals Correctly Aged
Using the 6 Phase Standards
Phase

n

*95% P.I.

*Suggested Range

Percent Correctly Aged

1

11

14.8-27.4

<27

100%

2

13

12.2-46.8

<47

100%

3

37

14.6-69.4

<69

97%

4

82

20.2-75.4

20-75

98%

5

17

24.0-82.2

24-82

100%

6

102

28.8-88.9

29-89

94%

*Figures are in years; "P .I." stands for prediction interval.

The broad age ranges derived from the calculation of 95% prediction intervals
should not be a surprise. Other studies concerned with the estimation of age-at-death
in the adult skeleton produce similar results (Brooks and Suchey 1990; Katz and
Suchey 1986; Nawrocki 1998). Age ranges used in the estimation of adult age-at
death in the human skeleton by means of morphological analysis will never eclipse, or
even mirror, the absolute accuracy of sub-adult age ranges. It is also likely that even
means of estimating adult age-at-death through developmental change (e.g., pubic
symphysis prior to the formation of the ventral rampart) will never produce age ranges
as accurate as those derived from sub-adult aging systems.
Saunders (2000:141) argues effectively "sub adult age-at-death estimations can
be considered more accurate than adult age estimations because of the telescoped time
span of human growth relative to the total life span over which age variability is
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assessed." Estimating age-at-death in sub-adults is more accurate because their
developmental paths have had insufficient time to deviate from one another. This
argument also applies to the degenerative change used in estimating age-at-death in the
adult skeleton. However, the difference is that the age-related change in the adult
skeleton has undergone degenerative change for a longer period of time than have
most developmental indicators of age. Each individual starts out on a path that is
continuous and will vary from person to person (Figure 13) (Tanner 1989). This
model demonstrates the proposed differences in individual developmental and
degenerative change. In this figure individuals "a," "b" and "c" start out on similar
developmental paths and they differ little in their developmental ages until
approximately 15 years. As these individuals age they begin to deviate from each
other further along the trajectory. In this model individual "c" would have achieved
this particular developmental stage first, followed by individuals "b" and "a." The
increased period of time during which degenerative change takes place in the adult
skeleton allows for greater individual variation.
The variability in degenerative change may in part be due to differences bone
remodeling rates. Bone remodeling involves both resorption and formation of bone at
a given region in the skeleton (Rohling and Stout 2000; Stout 1989). While
remodeling rates have been shown to increase in postmenopausal women and men of
the same age, it is not clear whether or not remodeling rates differ between the sexes
(Rohling and Stout 2000). Perhaps increased bone remodeling rates decrease bone
density, thereby influencing the gross appearance of indicators of degenerative change.
Issues such as these complicate the creation of age ranges, particularly in the
adult skeleton. The estimation of age-at-death in forensic contexts has additional
problems to contend with. On the one hand, the researcher faced with estimating age
in these situations wants to report a broad enough age range to include individuals who
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might deviate significantly from the mean representation of a given phase. On the
other hand, the investigator is faced with the task of reducing the estimated age range
in order to expedite the identification process.
One possible solution to this dilemma is using the age range estimated from
one standard deviation of the mean. If this does not result in a positive identification
of the examined skeletal material, the investigator can submit a wider age range (i.e.,
95% prediction intervals) in an attempt to incorporate as much of the variation as is
possible from the region(s) upon which age was estimated. Consideration of multiple
regions from which age can be estimated as well as information gleaned from
degenerative change in regions of the skeleton from which aging standards are not
available (e.g., arthritic change in vertebrae) may also aid in the creation of age-at56

death estimates. Ultimately, the creation of the most accurate age ranges will likely
come from individuals who have significant experience with multiple aging systems
and a familiarity with the skeletal biology of the population being studied. Indeed, the
process involved in estimating age-at-death in the human skeleton has been described
as an art, rather than science (Maples 1989:323).
However, the increasing need for forensic anthropologists to consult on human
rights issues poses an added problem. Often times, many of the individuals employed
in such endeavors lack the experience needed to accurately estimate age-at-death. This
is confounded by the fact that most aging systems are based on U.S. populations and
do not reflect the variation present in non-U.S. skeletal material (Lagrou n.d.;
Simmons 1999). More research on this issue needs to be undertaken in order to better
understand population differences in the aging process in the human skeleton.
The methodology applied in forensic anthropology adds to the difficulty of
estimating adult age-at-death. While most contemporary anthropological studies
attempt to explain human variation at the population level, forensic research remains
typological. This reliance on typology of age, sex, race and, to a lesser extent, stature,
continues to weigh heavily in the field of forensic anthropology, where the primary
goal is individuation of skeletal remains. In typological analyses such as these, inter
observer error adds additional bias to estimations of age-at-death. In order to alleviate
this phenomenon in aging systems, it is important to provide standards that reflect the
true variation expressed in a given system, to utilize features that correlate well with
age and that are readily identifiable by other researchers.
The results produced in this study are an accurate representation of the
relationship between auricular surface morphology and age. These results indicate that
auricular surface morphology is highly variable, but does not vary across sex or race.
The influence of secular trend is as yet undetermined. The original standards fall well
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short of their predicted accuracy but, as was stated earlier, these standards were not
intended for use in forensic context. Furthermore, modification of how the presence of
subchondral destruction is used in phase assignment may, perhaps, lead to increased
accuracy in this aging system. While auricular surface morphology offers no special
insight into the estimation of adult age-at-death in the human skeleton, it will continue
to remain of use given its durability and applicability across age and sex.
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